The surface structure of Al films electrodeposited in a magnetic field was studied in a AlCl 3 -1ethyl-3methylimidazolium chloride (EMIC) mixture ionic liquid, focusing on the surface morphology and crystal orientation. Current-dependent measurements reveal two preferential orientations. First, at small current densities (i < 10 mA cm −2 ), a (111) plane is preferentially oriented parallel to the surface where no magnetic field is detected. Second, at high current densities (i > 10 mA cm −2 ), a (200) Aluminum is a very important material because of its distinctive features of a bright silvery appearance, light weight and high corrosion resistance.
Aluminum is a very important material because of its distinctive features of a bright silvery appearance, light weight and high corrosion resistance. 1 Also, because Al exists in abundance it can sustain the current strong demand for building construction and ornamental material. Furthermore, it is used as a base in light-emitting diodes owing to its high reflectance of more than 90% in the visible light region. Several methods such as sputtering, 2, 3 vacuum vapor deposition, [4] [5] [6] hot dipping [7] [8] [9] [10] and electroplating [11] [12] [13] [14] have been developed for Al film manufacture.
Dry film manufacturing processes such as sputtering and vapor deposition are mainly employed to produce glossy surfaces, but it is difficult with these processes to coat an intricate substrate or to fabricate a thick film. The hot dipping method can plate sizable objects in large quantities, but precise control of the surface structure is difficult. The electrolytic plating process, however, can overcome these various problems existing in the technical and economical viewpoints, and can lead to new developments in Al film application.
Al electrodeposition is performed in molten salt, [15] [16] [17] organic solvents 18, 19 and ionic liquid solution. 12, 14, 20 Room-temperature ionic liquids have attracted much attention because of their ease of operation owing to features such as non-flammability and low vapor pressure. In particular, 1-ethyl-3-methylimidazoliumchloride (EMIC) is wellknown as being suitable for Al deposition owing to its high electrical conductivity. 11 Many researchers have investigated Al deposition to produce a shiny surface, 18, [21] [22] [23] and we have previously carried out Al electrodeposition with additives and reported a shiny coating under the control of a stirred flow. 24 In that work, the surface roughness was drastically improved by increasing the stirring rate, but it was still difficult to form a glossy surface on a complex substrate containing features such as ditches or cavities by the use of mechanical convection alone.
To pursue a novel convection method, we consider that the superimposition of a magnetic field, B, is a possible solution. A number of research groups have reported the appearance of unique phenomena when magnetic fields are superimposed on the electrodeposition processes. [25] [26] [27] [28] [29] [30] [31] [32] When electrodeposition is conducted in the presence of B, for instance, magneto-hydrodynamic (MHD) convection is induced by the electromagnetic interaction. Effect of the magnetic field on the metals electrodeposition from the aqueous electrolytes widely investigated, [25] [26] [27] 33, 34 while the same data for the ionic liquids are very few. We consider, therefore, that fundamental investigation is neces-sary to clarify the effects of the magnetic field on Al electrodeposition. Thus, the purpose of this research is the investigation of MHD convection influencing on the Al deposition process. Herein, Al films were electrodeposited in EMIC-AlCl 3 solution under a uniform magnetic field, whereupon their morphology and crystal orientation were analyzed by scanning electron microscopy (SEM) and X-ray diffractometry (XRD).
Experimental
Electrodeposition was carried out with a three-electrode system, as shown in Fig. 1 . The electrolyte used was EMIC(Merck KGaA, Germany)-AlCl 3 (>98.0 %, Kanto Chemical Co., INC., Japan) ionic liquid, where the molar ratio of EMIC and AlCl 3 was 1:2. Ion liquid was prepared under the glove box filled with argon gas because AlCl 3 is hygroscopic. After preparing the ionic liquid, aluminum wire was immersed into ionic liquid in order to remove impurities such as moisture by the decomposition reaction. The cathode was a Cu plate Metal Company, Japan). The electrodes were embedded in either side of the cell walls, facing each other and separated by a distance of 10 mm. Before the experiments, the Cu substrate was polished using abrasive paper and was subsequently dipped (i.e., acid pickling) in a mixture solution of 0.1 mol L −1 H 2 SO 4 and 0.1 wt% H 2 O 2 . After acid pickling for 60 s, the substrate was ultrasonically washed, first with pure distilled water and then with acetone for 10 min each. The reference electrode used was an Al wire (0.5 mm diameter, Al 99.99%, Nilaco Corporation, Japan).
All experiments were conducted in a glove box purged using pure Ar gas, where the ionic liquid was kept at 60
• C on a hot plate. Al electrodeposition and IR measurement was conducted by potentiostat with frequency analyzer (HZ-5000, Hokuto Denko Corporation, Japan). The electrodeposition was carried out until the amount of electrical charge reached 29 C cm −2 , which corresponds to a deposition 10 μm thick. A static and uniform magnetic field of 0.3 T was applied parallel to the electrode surface, where the magnetic field was generated by a permanent magnet (NEOMAX, Sumitomo Special Metals, Japan).
The surface morphology of the electrodeposited Al films was observed using SEM (JSM-6010PLUS/LA, JEOL, Japan), while the crystal orientation was measured by XRD (D2PHASER, Bruker, Germany) using the Cu-Kα line. The resistance of the ionic liquid was obtained by impedance measurement.
Results and Discussion
The Al films were electrodeposited at the varying current densities of 0.5, 3, 5, 10, 20 and 30 mA cm −2 , where the deposition time varied from about 16 h to 16 min. The transient behavior of the deposition potential did not exhibit any remarkable difference as a function of the applied current, and the potential value reached its steady state value about 2 min after starting electrolysis. Figure 2 plots the steady state cathode potential, E, as a function of current density for Al deposited with and without B. It can be seen that the potential change in the low current density values from 0.5 to 3 mA cm −2 is a little, whereas it enlarges significantly at current density values greater than 5 mA cm −2 . Also, the absolute value of the cathodic potential seems to increase proportionally to the applied current. When the measurement was carried out at 30 mA cm −2 , the potential reached −0.9 V in no B. Even at high potentials, evolution of the bubble formation on the cathode and a color change of the electrolyte, which indicates decomposition of the ionic liquid, were not detected.
The magnetic field influenced the deposition potential at higher than 5 mA cm −2 . It is difficult to discuss the mass transport phenomena because the current was controlled, but we assume that the diffusion of Al(III) does not reach its limitation. This is based on the fact that the diffusion limitation has typically been reported to occur at more than about 50 mA cm −2 . 11 Previously, we have reported an aqueous experiment in which Cu was electrodeposited in a high magnetic field of 5 T, and where it was found that the Cu deposition potential was not measurably changed in the non-diffusion control region. Compared with this previous result of the aqueous electrolyte, the present potential exhibits a significant shift toward the noble direction at a low B intensity of 0.3 T. In Fig. 3 , the cathode potential was compensated by removing ohmic resistance to clarify the effect of B on the deposition overpotential, η. When the electrodeposition was conducted at i < 5 mA cm −2 , the η was found to be independent of B. Presumably, electron transfer was the main factor for this controlling reaction. This result agrees with that of Coey et al., 35 who reported that B had no influence on the activation energy relating to the electron reaction. 31 The overpotential in B was reduced by 0.2 V for current densities ranging from 10-20 mA cm −2 , wherein the Al(III) reduction reaction gradually became governed by the mass transportation. However, the degree of η reduction at 30 mA cm −2 was greater. The reason for the reduced overpotential in the presence of B may be explained by MHD convection. The value of η corresponds to the Al(III) concentration overpotential at high current densities (i > 10 mA cm −2 ), and the present setup was designed for the MHD convection to flow in the same direction as the natural convection. In this way, the string effect could assist the Al(III) diffusion from the bottom to the top of the cathode surface.
The Al films were uniformly deposited on a Cu substrate, and appeared gray in color without any luster. The SEM images show that the crystal grains change remarkably in the presence of a B field, where a typical morphological variation is shown in Fig. 4 . The SEM image in Fig. 4a shows angular deposits around 1.0 μm in size, and a surface covered with fine irregular grains. The application of B, however, created large grains with tabular-facet planes 2-4 μm in size (Fig.  4b) , although no additives were used in the present experiments. This suggests that lateral crystal growth is dominant in the ionic liquid as well as in the aqueous system. 26 The nucleation number in the presence of B may be suppressed owing to the difference of growth mode. The crystal structure was analyzed by XRD measurement (Fig.  5) , wherein aluminum oxide and other impurities were not detected. This again supports the contention that the electrolyte does not deteriorate, as mentioned in Fig. 2 . The XRD patterns display four peaks corresponding to the Al crystal structure, where two of them are large peaks attributed to (111) and (200), and the others are small peaks attributed to (220) and (311). The ratio of the diffraction intensity between (111) and (200) was found to depend on the applied current density, where the intensity of (111) decreased with the current, and that of (200) increased with the current. This reversal phenomenon was more pronounced in the presence of a magnetic field.
The orientation index, M, was calculated to quantitatively investigate which crystal orientation is preferentially oriented parallel to the substrate plane. The index M is defined as
, [1] where I (h k l) is the XRD intensity in the experimental data, I 0 (h k l) is the intensity given in the JCPDS cards (powder pattern). In the present case, I (h k l ) is the sum of the intensities of the four independent peaks of (111), (200), (220) and (311). Figure 6 shows the dependency of M on the applied current density in the presence and the absence of B, where the preferential orientation is dominated by the (200) and (111) planes. Interestingly the influence of the magnetic field is clearly demonstrated in the ionic liquid electrolyte, although a low B intensity of 0.3 T scarcely changes the crystal orientation in aqueous electrolytes. 26 When Al was electrodeposited at a high current density (i > 10 mA cm −2 ), the application of B significantly promoted the growth of (200). The high orientation of (200) may be attributed to the large facet plane, as shown in Fig. 3b . The dependence of the preferential Al orientation on the overpotential has been investigated theoretically 37 where, with increasing η, the crystal plane of a face-centered cubic metal was found to orient in the (111) plane, followed by the (200) and then the (220) planes. In the face-centered cubic crystal structure, the atomic packing density of (111) is higher than that of (200), and the surface energy required to form (111) is lower than that for (200). 38, 39 This density and surface energy ordering is explained by the differences of the bonding energy summation for each crystal plane. The large value of M(200) at 10-30 mA cm −2 suggests that the magnetic field promotes the formation of (200), although the η is reduced.
Further, the stirring effect has also been reported by Choudhary et al., 39 who found that when Al was electrodeposited using a mechanical stirrer, the (200) instead of (111) is preferentially oriented at a current density of 20 mA cm −2 . Also, the value of M(200) remarkably decreased with increased stirring speed. However in the present case, the M(200) increased under the magnetic field, which indicates that MHD flow is distinct from mechanical convection.
Thus, the magnetic field can work directly on an ionic liquid, which is a completely polarized molecular liquid, and may induce the microscopic MHD (micro-MHD) in the vicinity of the cathode surface. 40, 41 Therefore, several factors such as the mass transportation and surface adsorption of the ionic liquid, which controls the crystal growth, may be affected by the micro-MHD.
Conclusions
The effect of B on Al electrodeposition in an EMIC-AlCl 3 ionic liquid at 60
• C was investigated. The film structure changed significantly in the presence of a small B of 0.3 T, which was a result not found in our previous aqueous experiments. The application of B caused less deposition overpotential by 0.2 V when Al was electrodeposited at current densities i ≥ 10 mA cm −2 . The orientation index of M(200) was enlarged in B, corresponding to the formation of a tabular-faceted surface.
